Background. In cell systems, saturated fatty acids, compared to unsaturated fatty acids,
Introduction
The initial stage of non-alcoholic fatty liver disease (NAFLD) involves accumulation of triglycerides in the liver. Hepatic lipids are derived from three potential sources: the diet, de novo lipogenesis, and circulating free fatty acids released from adipose tissue. Donnelly et al. reported that the latter source accounts for~60% of the hepatic triglyceride content in
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NAFLD patients [1] . In addition to their role in the development of NAFLD, fatty acids appear to play an important role in disease progression. Circulating free fatty acids are elevated in patients with NAFLD and are positively correlated with disease severity [2, 3] , and experimental suppression of fatty acids improves hepatic insulin sensitivity and reduces liver enzymes in healthy individuals [4] . These data have led to the concept that elevated fatty acids and products of fatty acid metabolism, rather than triglycerides per se, promote hepatotoxicity. Consistent with this notion, hepatic triglycerides are higher in patients with benign steatosis compared to those with non-alcoholic steatohepatitis [5] , and esterification of fatty acids into triglycerides prevents saturated fatty acidmediated toxicity in hepatocytes and reduces liver damage in experimental animals [6] [7] [8] .
Several studies have linked endoplasmic reticulum dysfunction (ER stress) and activation of the unfolded protein response (UPR) to impairments in glucose homeostasis, insulin action and inflammation [9] [10] [11] . ER stress and activation of the UPR have also been observed in the liver and/or adipose tissue in genetic and dietary murine models of obesity, dietary models of NAFLD, and in humans with NAFLD [10, [12] [13] [14] [15] . The factors that induce ER stress in chronic disease models or in humans are poorly understood. In cell systems, elevated fatty acids, in particular saturated fatty acids, produce ER stress and activation of the UPR in a number of cell types, including hepatocytes [16] [17] [18] . To the best of our knowledge, a direct comparison of the effects of unsaturated and saturated fatty acids on ER stress in vivo has not been performed. This is particularly relevant given that previous human studies have suggested that a) saturated fatty acids have selective effects on hepatic glucose metabolism [19] and b) serum saturated fatty acid-containing triglycerides may be better markers of insulin resistance than total serum triglycerides [20] . Therefore, the aim of this study was to examine the effects of saturated and unsaturated fatty acids on ER stress and inflammatory markers in liver and adipose tissue in vivo. To mimic conditions of increased adipose tissue-derived fatty acids observed in individuals with NAFLD, we measured outcomes in response to short term infusion of either lard oil or soybean oil.
Methods

Animals
Male Wistar Crl(WI)BR rats (Charles River, Wilmington, MA) weighing~180 g upon arrival were provided free access to a purified high starch diet (Research Diets, Inc., New Brunswick, NJ [21] ) and water for 1 week. Rats were housed individually in a temperature-and humidity-controlled environment with a 12-h light:dark cycle. All procedures were reviewed and approved by the Colorado State University institutional animal care committee.
Surgical procedures
Catheters were implanted in the carotid artery and jugular vein under general anesthesia as described previously [22, 23] . Experiments were performed following 4-5 days of recovery at which time body weight was >100% of presurgery body weight.
Lipid emulsions
Lipid emulsions were prepared based on the protocols of Stein et al. [24] . Briefly, emulsions consisted of glycerol, phosphatidylcholine, penicillin-streptomycin and heparin, and either no other additions (Control, n = 7), soybean oil (Sigma Chemical, St. Louis, MO, Soybean, n = 7) or lard oil (Sigma, Lard, n = 7). 
Experimental procedures
Control, Soybean or Lard intravenous infusions were initiated at a rate of 70 μL/min per kg and continued for 240 min. The 4 h duration was chosen based on the volume delivered to the animals and the amount of blood taken over this period of time. Arterial blood samples were taken prior to the start of infusions and every 30 min during infusions. Following the last blood samples animals were deeply anesthetized (sodium pentobarbital, 70 mg/kg IV) and liver and retroperitoneal adipose tissue was removed for processing as described previously [12] .
Analyses
Plasma measures
Glucose was measured with an automated analyzer (Beckman Instruments, Fullerton, CA). Insulin was analyzed by ELISA (Linco Research, St. Charles, MO). Free fatty acids were analyzed using the HR series NEFA kit (Wako Pure Chemical Industries, Osaka, Japan). Plasma free fatty acid composition was determined by gas liquid chromatography (HewlettPackard 5890 Series II, Palo Alto, CA), and methylation of the free fatty acids was performed as described by Boberg et al. [25] .
Western blot analysis
Liver and adipose tissue were processed and analyzed as described previously [12, 14] . Primary antibodies included total and phosphorylated RNA-dependent protein kinase-like ER eukaryotic initiation factor-2α kinase (PERK), tumor necrosis factor-α (TNFα), interleukin-6 (IL6), monocyte chemoattractant protein-1 (MCP1) and haptoglobin (Santa Cruz Biotechnology, Santa Cruz, CA); total and phosphorylated eukaryotic initiation factor-2α (eIF2α), total and phosphorylated IkappaB kinase β(IKKβ; Cell Signaling, Beverly, MA); matrix metalloproteinase-12 (Mmp12), suppressor of cytokine signaling-3 (SOCS-3), cluster of differentiation 68 (CD68; Abcam, Cambridge, MA); and macrophage inflammatory protein-1α (MIP1α; Lake Forest, CA).
RNA analysis
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). For PCR analysis of XBP-1, a two-step protocol was used for reverse transcription PCR using SuperScript II reverse transcriptase and Taq polymerase [26] . For Real Time PCR, reverse transcription was performed using 0.5 μg of DNase-treated RNA, Superscript II RnaseH-and random hexamers as described previously [18] . Target genes were normalized to β-microglobulin or 18S rRNA.
Statistical analysis
Group comparisons were performed using a one-way ANOVA or the Kruskal-Wallis ANOVA on ranks. Post hoc testing was done with the Student-Newman-Keuls test. Differences were considered significant at P < 0.05. All data are reported as the mean ± standard deviation.
Results
Plasma glucose, insulin and free fatty acids
Plasma glucose and insulin levels were not different among groups (Fig. 1) . Plasma free fatty acids levels were increased in Soybean and Lard compared to Control at 90 min and all subsequent time points (Fig. 1) . The fatty acid composition of circulating free fatty acids is provided in Table 1 . The infusion of soybean oil increased the levels of 18:1, 18:2 and 18:3(n-6), whereas the infusion of lard oil increased the levels of 14:0, 16:0, 18:0, 18:1 and 18:2 when compared to control values. The infusion of lard oil also increased the levels of 14:0, 16:0, 18:0 and 18:1 when compared to soybean oil.
ER stress and inflammatory markers in the liver
Disruption of ER homeostasis, collectively termed ER stress, activates the UPR [27] . The UPR is initiated by three ER transmembrane proteins, inositol requiring ER-to-nucleus signaling protein 1α (IRE1α), PERK and activating transcription factor-6 (ATF6) [28] . Activation of IRE1α promotes the splicing of X-box-binding protein-1 (Xbp1) mRNA and subsequent transcription of molecular chaperones (e.g. glucose regulated protein 78 (GRP78)) and genes involved in ER-associated degradation [29] . PERK activation leads to phosphorylation of the α-subunit of the translation initiation factor eIF2 and subsequent attenuation of translation initiation, as well as increased expression of GRP78, C/EBP Homologous Protein (CHOP), a pro-apoptotic gene, and growth arrest and DNA damage-inducible protein 34 (GADD34) [29, 30] . GADD34 mediates dephosphorylation of eIF2α and therefore reversal of translational attenuation [28] . Activation of ATF6 can also lead to increased expression of both molecular chaperones and CHOP. Phosphorylation of PERK and eIF2α, XBP1 splicing, and the expression of UPR target genes were increased in Soybean compared to Control and in Lard compared to Soybean and Control (Fig. 2) . Phosphorylation of IKKβ and the expression of inflammatory genes were increased in Soybean compared to Control and in Lard compared to Soybean and Control (Figs. 2  and 3 ). The choice of inflammatory genes related to the fact that they either were targets of NFKβ and/or were previously demonstrated to be upregulated under conditions of inflam- Fig. 1 -Plasma glucose, free fatty acid (FFA) and insulin concentrations during control (n = 7), soybean oil (n = 7) and lard oil (n = 7) infusions. *, significantly different from Control. mation in the liver [31] . MIP1α and Mmp12 protein levels were significantly increased in Lard compared to Soybean and Control (Supplemental Figure 1) .
ER stress and inflammatory markers in adipose tissue
Phosphorylation of PERK and eIF2α, XBP1 splicing, and the expression of UPR target genes were increased in Soybean compared to Control and in Lard compared to Soybean and Control (Fig. 4) . Phosphorylation of IKKβ and the expression of inflammatory genes were increased in Soybean compared to Control and in Lard compared to Soybean and Control (Figs. 4  and 5 ). The choice of inflammatory genes related to the fact that they either were targets of NFKβ and/or were previously demonstrated to be upregulated under conditions of inflammation in adipose tissue [32] . MCP1 and haptoglobin protein levels were significantly increased in Lard compared to Soybean and Control (Supplemental Figure 2) .
Discussion
Obesity is characterized by hyperlipidemia, insulin resistance, hepatic steatosis, inflammation and ER stress [1, 14, 15, 33] . Elevated circulating free fatty acids appear to play an important role in the development of insulin resistance and hepatic steatosis [1, 33, 34] . In cell systems, long-chain saturated fatty acids induce ER stress and/or cell death, whereas unsaturated fatty acids typically do not [16, 18, 35, 36] . In the present study, we examined the potential role of saturated and unsaturated fatty acids on markers of ER stress and inflammation in vivo. Our data suggest that the short term infusion of soybean or lard oil increased markers of ER stress and inflammation in the liver and adipose tissue. However, these markers were increased to a greater extent following the infusion of lard oil. Although the link between obesity and ER stress in liver and adipose tissue has been established in murine models and in humans, the physiologic processes affected by ER stress and the factors that lead to ER stress remain unclear [10, 14, 15] . Two previous in vivo studies demonstrated that elevated fatty acids can induce ER stress in the liver [37, 38] . Infusion of 6 mmol/L albumin-bound oleate resulted in increased phosphorylation of eIF2α and XBP1 splicing in the liver of mice [37] . Glucose and/or lipid infusions (Liposyn III) at rates equivalent to 17%-50% of normal daily calorie intake resulted in increased markers of ER stress in rat liver [38] .
Results from the present study support and extend these findings, in that the infusion of soybean oil or lard oil increased markers of ER stress and inflammation in both liver and adipose tissue.
In the present study, lard oil and soybean oil infusions resulted in similar total free fatty acid concentrations, however the former resulted in increased markers of ER stress and inflammation in both liver and adipose tissue. These data suggest that enrichment of the plasma free fatty acid pool with saturated fatty acids may be more deleterious than enrichment with unsaturated fatty acids. In the present study the graded increase in markers of ER stress and inflammatory signaling observed in soybean and lard oil infused rats correlated with the graded increase in the total amount of saturated fatty acids in the circulation,~200 μmol/ L in control,~260 μmol/L in soybean oil and~547 μmol/L in lard oil. Thus, under conditions of elevated free fatty acids concentrations, the ratio of saturated to unsaturated fatty acids and/or the absolute amount of saturated fatty acids may be an important determinant of ER homeostasis and inflammatory signaling in the liver and adipose tissue. Several human studies have suggested that saturated fatty acids are more highly correlated to, or more predictive of, metabolic impairments associated with obesity and type 2 diabetes [20, 39, 40] . In a prospective cohort study involving 895 middle-aged normoglycemic men, baseline proportions of serum esterified and non-esterified saturated fatty acids were increased and polyunsaturated fatty acids decreased in those men who, after 4 years, had developed impaired fasting glucose [39] . More recently it was demonstrated that serum triglyceride containing saturated and monounsaturated fatty acids (16:0/16:0/18:1 or 16:0/18:1/18:0) may be more precise markers of insulin resistance than total triglyceride concentrations [20] . Thus, even in the mixed esterified and nonesterified free fatty acid composition of the circulation, an increase of saturated fatty acids may be an important component of obesity-associated ER stress.
Chronic, low-grade inflammation is a characteristic feature of obesity and metabolic diseases [41] . Circulating and intracellular lipids can promote or antagonize inflammation and inflammatory pathway signaling [42] . In the present study, markers of inflammation and inflammatory signaling were increased in both the soybean and lard oil groups, although these markers were increased to a greater extent following lard oil infusions. ER stress and activation of the unfolded protein response can lead to the activation of inflammatory signaling [42] . Therefore, it can be postulated that the induction of inflammatory signaling in the present study was mediated by lipid-induced ER stress in liver and adipose tissue. Future studies are required to test this hypothesis.
A fundamental function of the UPR is to alleviate the accumulation of unfolded proteins through the upregulation of protein folding and degradation pathways in the ER and attenuation of global protein synthesis [27] . Based on this fundamental view, activation of the UPR in liver and adipose tissue following lipid infusions implies that mis-or un-folded proteins have accumulated in the ER. It further predicts that the mechanism involved in lipid-mediated ER stress involves an imbalance in the protein load presented to the ER lumen and the ability to fold, degrade, and/or transport proteins. However, the proximal UPR sensors are transmembrane proteins and therefore may also be regulated by membranegenerated signals. A recent study demonstrated that membrane factors and unfolded proteins activate IRE1 via different mechanisms in yeast [43] . In addition, there appears to be a sensing mechanism within the lipid bilayer that can trigger selective activation of ATF6 [44] . It is also possible that cytosolic signals may interact with proximal UPR sensors, via their cytosolic domains, and lead to selective activation of components of the UPR [45, 46] . Given this and the documented role of the UPR in a diverse array of cellular functions (e.g. differentiation, ER and mitochondrial biogenesis, insulin action, glucose and lipid metabolism) it will be important to identify how and why nutrients and growth factors activate the UPR.
The present study utilized intravenous infusions of soybean or lard oil to examine the effects of unsaturated and saturated fats on markers of ER stress and inflammation in vivo. In this regard it must be acknowledged that lard oil, while enriched in 16:0 and 18:0 fatty acids, also contains higher amounts of 18:1 and lower amounts of 18:2 and 18:3 fatty acids compared to soybean oil. Thus, while lard oil infusions resulted in increased markers of ER stress and inflammation in both liver and adipose tissue, we cannot definitively state that this response is solely due to an enrichment in the saturated fatty acid composition of circulating free fatty acids. Given that both infusion protocols resulted in increased markers of ER stress and inflammation in liver and adipose tissue, these data support the notion that elevated free fatty acids may be important determinants of ER stress and inflammation in vivo. This study has several limitations which must be acknowledged. The unfolded protein response is initiated by three ER membrane-bound proteins, PERK, inositol requiring enzyme 1α (IRE1α), and activating transcription factor-6. In the present study, we have only measured activation of PERK and used XBP1 splicing as a surrogate measure of IRE1α activation [12] . Thus, whether the nutrient stimuli used in the present study also activate ATF6α is unclear. The interaction between ER stress and inflammation is complex, and the present study does not identify how the infusion of soybean oil or lard oil induces markers of ER stress and or inflammatory signaling. It is also unclear whether the induction of ER stress and inflammatory signaling in response to these infusions are mechanistically linked. Finally, the present study has not identified potential downstream consequences of ER stress and inflammatory signaling, such as insulin resistance. Future studies will be necessary to examine these issues. Elevated plasma free fatty acids are a characteristic feature of several metabolic disorders, including obesity and type 2 diabetes. Elevated free fatty acids can induce insulin resistance, inflammation and ER stress, therefore they are intimately linked to the development and/or exacerbation of these metabolic disorders [38, 47, 48] . The fatty acid composition of circulating lipids has also been linked to metabolic disorders and to differential effects on glucose metabolism, insulin action and ER stress [19, 20, 49] . Results from the present study suggest that an increase in the amount of saturated free fatty acids, under conditions of elevated plasma free fatty acids, may provoke more ER stress and inflammation in liver and adipose tissue.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.metabol.2012.12.001. 
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